ABSTRACT The development, survival, and reproduction of Liposcelis decolor (Pearman) (Psocoptera: Liposcelididae), an important insect pest of infested stored products, were evaluated at eight constant temperatures (20 Ð37.5ЊC). Female L. decolor had four nymphal stadia, whereas males only had three nymphal stadia. Between 20 and 37.5ЊC, the female developmental period from egg to adult varied from 46.2 d at 20ЊC to 16.1 d at 35ЊC, and the male developmental period from egg to adult varied from 41.8 d at 20ЊC to 13.6 d at 35ЊC. Based on a nonlinear model, the lower temperature developmental thresholds of female from egg, Þrst through fourth stadia, and combined immature stages were estimated at 12. 22, 16.08, 10.93, 8.88, 12.64, and 13.02ЊC, the upper temperature thresholds were 42.11, 39.44, 41.27, 40.92, 39.20, and 40.52ЊC, respectively, whereas the lower temperature thresholds of males ranged from 11.68 to 15.86ЊC, and the upper temperature thresholds ranged from 40.19 to 42.04ЊC. The survival rate from egg to adult was 57.3% at 32.5ЊC, 38.4 at 20ЊC, and 19% at 37.5ЊC, respectively. After emergence, the adult had a preoviposition period that ranged from 6.8 d at 20ЊC to 2.3 d at 35ЊC. L. decolor produced the most eggs (130.4) at 32.5ЊC and the fewest (24.7) at 37.5ЊC. The population reared at 32.5ЊC had the highest intrinsic rate of increase (0.0609) compared with the populations reared at seven other constant temperatures. The populations reared at 35 and 37.5ЊC had type III survivorship pattern, whereas populations reared at other temperatures had type I survivorship curve as determined by a Weibull frequency distribution. The optimal range of temperature for L. decolor population growth was 27.5Ð35ЊC.
Psocids, or booklice, mainly belonging to the genus Liposcelis, are serious pests of stored commodities in tropical and subtropical Asia (Rajendran 1994 , Kleih and Pike 1995 , Leong and Ho 1995 , Lienhard and Smithers 2002 , and they have emerged in the 1990s as major pests in Australia (Nayak et al. 1998 (Nayak et al. , 2002a Rees 1998) and The PeopleÕs Republic of China (Wang et al. 2000a ). Infestations of psocids are generally prevalent in commodities with high moisture content and contaminated with mold (Semple 1986) . Apart from causing measurable damage to stored grains (Rees and Walker 1990) , infestations of psocid also can cause health problems among storage and warehouse workers (Sidik et al. 1986 , Wang et al. 2000b . Psocids tend to be troublesome in regions where phosphine fumigation is the major insect control method (Nayak et al. 1998 , Rees 2002 Pascual-Villalobos et al. 2005) , and evidence is accumulating that many populations of these insects have evolved a very high resistance to phosphine (Pike 1994; Wang et al. 1999; Nayak et al. 2003) .
Liposcelis decolor (Pearman) (Psocoptera: Liposcelididae) is worldwide and commonly found in various processed and unprocessed dry foods in households, granaries, and warehouses (Kalinovi and Rozman 2000) . This species has emerged as major psocid pests of stored grain and grain storage structures in Australia in resent years (Nayak et al. 2002b, Beckett and Morton 2003) . In the past, studies on the effectiveness of fumigants, grain protectants, insect growth regulators, controlled atmosphere treatments, and biology, ecology as well as biochemistry have been carried out mainly focus on L. bostrychophila and L. entomophila (Turner et al. 1991 , Turner and Ali 1993 , Buchi 1994 , Ho and Winks 1995 , Santoso et al. 1996 , Nayak et al. 1998 , Wang et al. 1998 , Cheng et al. 2004 , Dou et al. 2006 , Chai et al. 2007 . A few studies on the effectiveness of grain protectants, molecular ecology, and resistance monitoring have been carried out aimed at L. decolor (Nayak et al. 2002b (Nayak et al. , 2005 Daglish 2006, 2007; Beckett and Morton 2003) . Essential information on its developmental rate, temperature thresholds, survivorship, and fecundity is lacking. However, such studies are needed for the prediction of the population phenology and density in grain stor-age. The development of a sound pest management program relies on a thorough understanding of pest biology.
The Þrst aim of this work was to quantify the temperature effects on L. decolor developmental rates. More precisely, the work reported here was designed to study the following objectives: 1) the effects of the temperature on the developmental rate of immature stages and adults; 2) the determination of the lower developmental time and the required thermal units by a linear and nonlinear model; 3) the estimation of the biological characteristics such as survivorship, preoviposition period, oviposition rate, and total oviposition; and 4) the establishment of the life table of this species at various temperatures.
Materials and Methods
Psocid Source. Stock colonies of L. decolor came from nymphs collected from a wheat warehouse in Zhengzhou, PeopleÕs Republic of China, in 2004. The colonies were maintained on an artiÞcial diet consisting of whole wheat ßour, skim milk, and yeast powder (10:1:1) in an air-conditioned room at 28 Ϯ 1ЊC, and a scotoperiod of 24 h. Cultures were set up in glass bottles (250 ml) with a nylon screen cover and kept in desiccators (5,000 ml) in which the humidity was controlled with saturated NaCl solution at 75Ð 80%. After 15 generations, insects from the stock colony were used for the tests. The identity of L. decolor was conÞrmed by Z. Y. Wang (Southwest University, Chongqing, PeopleÕs Republic of China). Voucher specimens were deposited at the insect collection of Southwest University, Chongqing, PeopleÕs Republic of China.
Temperature-Dependent Development. Approximately 600 L. decolor adults, in 15Ð20 plastic vials (1 cm in height and 4 cm in diameter, with a nylon screen top) containing a piece of black Þlter paper, were allowed to lay eggs for Ϸ12 h. A piece of Þlter paper with an egg was cut and transferred singly into the plastic vials (1 cm in height and 2.4 cm in diameter, with a nylon screen top) provided with a small amount of diet. Groups of 30 Ð 45 eggs were placed in each humidiÞed desiccator. The desiccators were placed in growth chambers (Chongqing Electronic, Chongqing, PeopleÕs Republic of China) at 20, 22.5, 25, 27.5, 30, 32.5, 35, and 37 .5ЊC, respectively, and a scotoperiod of 24 h. Each treatment was replicated three times on three different days. Eggs were checked daily, and after hatching, individual nymphs were checked daily for ecdysis and survival.
Adult Longevity and Oviposition Experiment. Adults used for longevity and reproduction experiments were reared from eggs at eight constant temperatures as described above. For the determination of oviposition rate, newly mature females and males were taken and introduced onto new vials, each containing one female and one male as a replicate at each temperature treatment. Eggs laid by females were removed daily and counted under a binocular microscope (10ϫ). The preoviposition period, oviposition rate, and longevity for adults was observed. Life tables were constructed from the obtained data of developmental time of immature and adult characteristics. Diet was added every 2 d.
Data Analysis and Model Development. Developmental data of immature stages were analyzed using analysis of variance (ANOVA) (OÕBrien 1979) . Only psocids that succeeded in reaching the adult stage were included in the analysis. The adults that died within 12 h of emergence or produced no eggs also were excluded from the data analysis for oviposition experiment. The developmental rate of each life stage of the psocid was derived according to the temperature summation model and was calculated using the reciprocal of the average days (1/d) of its duration (Campell et al. 1974) . A simple nonlinear model proposed by Briere et al. (1999) also was used to describe temperature-dependent developmental rate of different stages:
where R(T) is mean developmental rate and a positive function of temperature T in centigrade. T L is the lethal temperature (upper threshold); T 0 is the low temperature developmental threshold (lower threshold), and a is an empirical constant. The adjusted coefÞcient of determination was calculated using the equation of Kvalseth (1985) :
where R 2 is the adjusted coefÞcient of determination, n is the number of observations, k is the number of parameters, and R 2 is computed as
where y j is the jth observed mean developmental rate and y j is the jth predicted developmental rate. The Weibull frequency distribution (Johnson and Kotz 1970 ) was used to describe the age-speciÞc survival of all individuals at different temperatures:
where b and c are, respectively, the scale and shape parameters of Weibull frequency distribution. The shape parameters c Ͼ 1, ϭ 1, and Ͻ1, respectively, correspond to Deevey (1947) type I, II, and III survivorship curves (Pinder et al. 1978) .
Additionally, the intrinsic rate of increase (r m ) (Birch 1948) was estimated for each temperature treatment by constructing a life table, by using agespeciÞc survival rate (l x ) and fecundity (m x ) for each age interval (x) per day (Andrewartha and Birch 1954) . From these data, the following population growth parameters were calculated: net reproductive rate R 0 ϭ ⌺l x m x ; intrinsic rate of increase (r m ) was calculated by iteratively solving the equation ⌺e Ϫr m x l x m x ϭ mean generation time (T) ϭ ln R 0 /r m ; and population doubling time (t) ϭ ln(2)/r m . A nonlinear model described by Briere et al. (1999) also was used to describe the relationship between r m and temperature.
Results
Liposcelis decolor females had four nymphal stadia, whereas males only had three nymphal stadia; therefore, the data for nymphal development were analyzed separately for females and males.
Development of Eggs.
The developmental period of female eggs ranged from 4.6 d at 32.5ЊC to 14.1 d at 20ЊC. Within the range of 20 Ð32.5ЊC, the eggs hatched signiÞcantly faster at the higher temperatures (P Ͻ 0.05). High temperatures (Ͼ32.5ЊC) caused a decline in the developmental rate compared with low temperatures (Table 1 ). The nonlinear model was Þtted to the data set over a full range of temperatures (Table  3 ; Fig. 1 ). Based on parameter estimations, the theoretical developmental threshold (i.e., the point where the developmental rate presumably equals zero) and the upper lethal temperature thresholds of egg were estimated at 12.22 and 42.11ЊC, respectively, and the fastest egg development (4.9 d) occurred at 35.2ЊC (Fig. 1) .
The developmental period of male eggs had the similarly trend with female eggs, and it varied from 4.7 d at 35ЊC to 15.1 d at 20ЊC (Table 2 ). The nonlinear model was Þtted to the data set over a full range of temperatures (Table 4 ; Fig. 2 ). The theoretical developmental threshold and the upper lethal temperature Fig. 1 . Female development rate (r) of egg, Þrst stadium, second stadium, third stadium, fourth stadium, nymph, combined immature stage, and the preoviposition stage, as a function of temperature (T) in centigrade. Curve is the nonlinear model for the whole range of tested temperatures (Briere et al. 1999) . Dots are observed rates. The parameter estimates are presented in Table 3 . Curve is the nonlinear model for the whole range of tested temperatures (Briere et al. 1999) . Dots are observed rates. The parameter estimates are presented in Table 4 . (Fig. 2) . The highest hatching rate (93.5%) was recorded at 30ЊC, whereas signiÞcantly lower survival (67.2%) was recorded at 37.5ЊC (Table 5) .
Development of Nymphs. The total female nymphal developmental time ranged from 11.3 d at 35ЊC to 32.5 d at 20ЊC (Table 1 ). The minimum times required to complete the three nymphal stages were recorded at 35ЊC for Þrst (2.8 d), second (2.7 d), and third stadia (2.9 d), whereas the minimum time for fourth stadium (2.6 d) was recorded at 32.5ЊC. The high temperature (37.5ЊC) caused a decline in developmental rate compared with the other temperatures (27.5Ð35ЊC). The nonlinear model was Þtted to mean developmental rates of nymphal stages (Table 3 ; Fig. 1 ) and the fastest developments were estimated 11.9 d at 33.7ЊC for overall nymphal stages and 3.4, 3.0, 3.0, and 2.7 d at 33.7, 34.3, 33.8, and 32.9ЊC, respectively, for all four stadia. Of the four stadia, the lower developmental threshold for the Þrst stadium was higher (16.08ЊC) than those for the second (10.93ЊC), third (8.88ЊC), and fourth (12.64ЊC) stadia, whereas the upper developmental thresholds for the four stadia did not differ signiÞcantly (39.20 Ð 41.27ЊC) according to coincidence of 95% conÞdence interval (P Ͼ 0.05).
The total male nymphal developmental time was shorter than that of females at the same temperature, ranging from 8.9 d at 32.5 and 35ЊC to 26.6 d at 20ЊC (Table 2) . Similarly, the developmental rate of three stadia of male increased linearly with increasing temperature until they reached the maximum developmental rates. The nonlinear model was Þtted to mean developmental rates of nymphal stages (Table 4; Fig. 2), and the fastest developments were estimated 9.4 d at 34.5ЊC for overall nymphal stages.
Extremely high temperatures had a detrimental effect on the survivorship of nymphal stages for both male and female. Total survivorship of nymphal stages ranged from 28.3% at 37.5ЊC to 64.0% at 32.5ЊC (Table 5) .
Development of Combined Immature Stages. The total female developmental time from egg to adult varied from 46.2 d at 20ЊC and declined to 16.1 d at 35ЊC. Within this temperature range, the developmental rates of the insects linearly increased with the increase of temperature. Similarly, extremely high Kvalseth (1985) . (Fig. 1 ). The nonlinear model gave a good Þt to the data set within the range of 20 Ð37.5ЊC based on the adjusted R 2 (ϭ0.96) value (Table 3 ; Fig. 1 ). The minimum length of time for the development from egg to adult was 16.9 d at 34ЊC. Lower and upper temperature thresholds for combined immature stages were estimated at 13.02 and 40.52ЊC, respectively (Table 3) .
The total male developmental time from egg to adult averaged 41.8 d at 20ЊC and declined to 13.6 d at 35ЊC; the developmental rates at the same temperature are faster than for female insects. The nonlinear model gave a good Þt to the data set within the range of 20 Ð37.5ЊC based on the adjusted R 2 (ϭ0.96) value There were three replicates for each temperature, and the initial number of eggs for each replicate ranged from 46 to 80. (Table 4 ; Fig. 2 ). The minimum length of time for the development from egg to adult was 14.5 d at 34.7ЊC. Lower and upper temperature thresholds for combined immature stages were estimated at 13.41 and 41.25ЊC, respectively (Table 4) . Overall survival from egg to adult was the lowest at 37.5ЊC (19.0%) and the highest at 32.5ЊC (57.3%). Most of the mortality occurred in the stadium (Table 5) .
Adult Longevity and Reproduction. Temperature affected female adult longevity of L. decolor signiÞ-cantly (Table 6 ; Fig. 3 ). The mean longevity of adult females declined from 101.5 to 26.8 d as temperature increased from 20 to 37.5ЊC. The longest individual female longevities were 232, 224, 185, 128, 102, 103, 86 , and 41 d at respective temperatures of 20 Ð37.5ЊC.
After emergence, the adults underwent a relatively short preoviposition period, which varied with temperatures. The longest mean preoviposition period (6.8 d) was recorded at 20ЊC; it was shortened with increasing temperature and reached a minimum of 2.3 d at 35ЊC. The relationship between the developmental rate of preoviposition period and temperature also was Þtted using the nonlinear model (Table 6 ; Fig.  1 ). The shortest preoviposition period was calculated as 2.7 d at 33.5ЊC. The lower and upper temperature limits for reproduction were 14.21 and 39.64ЊC, respectively.
Fecundity also was adversely affected by extreme temperatures. The highest mean number of eggs (130.4) was recorded at 32.5ЊC, whereas the lowest fecundity (24.7) was at 37.5ЊC. The reproductive rate (the number of eggs per female per 4 d) varied with age (Fig. 3) . The reproduction peaks occurred quickly after the initiation of oviposition, with values of 3.9, 7.0, 6.6, 7.7, 11.5, 13.7, 10.6, and 6.7 respectively, at 20 Ð37.5ЊC.
The observed and simulated daily survival (l x ) and age-speciÞc oviposition at different temperatures are shown in Fig. 3 . The Weibull frequency distribution gave a good Þt to the data set of age-speciÞc survivorship for all test temperatures (Fig. 2) . L. decolor populations reared at 35 and 37.5ЊC have a type III survivorship curves (c Ͻ 1.0), whereas populations reared at other temperatures have a type I survivorship curves (c Ͼ 1.0) based on Weibull frequency distribution (Fig. 3) .
The intrinsic rate of increase (r m ), net reproductive rate (R 0 ), mean generation time (T), and population doubling time (t) were calculated for the populations at different temperatures and were presented in Table  7 . The populations reared at 32.5ЊC had the largest r m (0.0609) and R 0 (16.61), as well as the shortest t (11.39 d), compared with the populations reared at other temperatures. In contrast, the populations reared at the extremely high temperature of 37.5ЊC had a smallest r m (0.0112), R 0 (1.42), and T (31.49 d), and a longest t (61.78 d). The populations reared at 35ЊC had relatively higher r m value (0.0517) compared with the populations reared at the low temperatures (20 and 22.5ЊC), but the R 0 (6.24) were lower because of the shorter mean generation time (35.39 d). The nonlinear model gave a good Þt to the temperature dependence of r m ( Fig. 4 ; R 2 ϭ 0.93); and the theoretical maximum r m value of 0.0552 was estimated at 32.0ЊC.
Discussion
Temperature is one of the most important factors that inßuence the growth of arthropods. It is well known that the developmental rate in relation to constant temperature tends to be nonlinear. Development does not occur below a low-temperature threshold; above this, the rate increases with temperature until an optimum is reached. At supra-optimal temperatures the rate decreases rapidly to zero at the upper lethal limit (Briere et al. 1999 ). This study documents the inßuence of temperature on the development, survival, reproduction, and life table parameters of L. decolor, which are of importance in understanding the activity of this insect. As expected, developmental durations of the egg, larval, pupal, and combined immature stages decreased as temperature n, number of females in analysis; r m , jackknife estimate of the intrinsic rate of increase (per capita rate of population growth); R 0 , net reproductive rate (female offspring per adult female); T, mean generation time (in days); and t, doubling time (in days) for population.
increased from 20 to 35ЊC (Tables 1 and 2 ). The high temperature (37.5ЊC) caused a decrease in developmental rate (Tables 1 and 2 ; Figs. 1 and 2 ). The upper temperature threshold for development of L. decolor ranged from 39.20 to 42.11ЊC for various developmental stages. This is consistent with our previous studies on other psocid species, such as L. bostrychophila Badonnel, L. entomophila (Enderlein), and L. tricolor Badonnel (Wang et al. 1998 (Wang et al. , 2000a Dong et al. 2007 ). Interestingly, we found that L. decolor males underwent three nymphal stadia, whereas female had four nymphal stadia. This is different from that both male and female of L. entomophila and L. tricolor all has four nymphal stadia at the same temperatures. The parthenogenetic species L. bostrychophila also has four nymphal stadia. Moreover, our previous studies found that L. bostrychophila, L. entomophila, and L. tricolor failed to complete development and reproduction at 37.5ЊC, whereas the current study found that L. decolor could develop to adulthood and reproduce at 37.5ЊC, implied that L. decolor could tolerate relatively higher temperatures. Beckett and Morton (2003) also reported that L. decolor was more heat tolerant than the other two species (L. bostrychophila and L. paeta) at higher temperatures (46 Ð51ЊC). Our result showed that the developmental rates of male were faster than those of female at the same temperature. Within 20 Ð 35ЊC, the developmental rates of L. entomophila and L. tricolor are remarkably slower than those of L. decolor at the same temperatures. However, the developmental rates of L. bostrychophila are faster than those of female L. decolor, and slower than those of males.
Linear and nonlinear models are often used to describe the relationship between developmental rates of insects with temperature (Stinner et al. 1974; Logan et al. 1976; DeMichele 1977, SchoolÞeld et al. 1981; Lactin et al. 1995 , Briere et al. 1999 ; however, compared with the optimum temperature, the lower and upper thresholds are more important for an integrated pest management (IPM) program (Briere et al. 1999) . Therefore, a nonlinear model proposed by Briere et al. (1999) , which allows estimations of the lower and upper temperature thresholds was chosen in this study. An excellent Þt was obtained for all developmental stages based on the adjusted coefÞ-cient of determination (Tables 3 and 4 ). The upper temperature thresholds for egg of female and male development were estimated at 42.11 and 41.62ЊC, respectively (Tables 3 and 4) . Those are the highest or near the highest temperature of all the immature stages, showing that the eggs of L. decolor are more tolerant to higher temperature than the other stages. A similar trend also was observed by Beckett and Morton (2003) . It is well known that insects reared at temperatures above the upper thresholds develop slower than insects reared under more favorable conditions (Sharpe and DeMichele 1977) . Our results showed that all developmental stages of L. decolor developed slower at 37.5ЊC than those of 35ЊC, and only 19.0% of psocids survived to adulthood at 37.5ЊC, implying that the upper temperature threshold for the nymphal stage was Ͼ37.5ЊC. Therefore, the developmental threshold of 39.44, 41.27, 40.92, and 39.20ЊC The length of preoviposition period is strongly temperature dependent (Table 6 ). The longest and the shortest preoviposition period of 6.8 and 2.3 d were recorded at 20 and 35ЊC, respectively, which were signiÞcantly shorter than those of L. bostrychophila (Fisher 1985; Wang et al. 2000a ) and L. tricolor (Dong et al. 2007 ). Furthermore, Wang et al. (2000a) reported that the longest adult longevity of L. bostrychophila (74.7 d) was recorded at 27.5ЊC, whereas it was recorded both for L. entomophila (64.4 d) (Wang et al. 1998) , L. tricolor (262 d) and for L. decolor (101.5 d) in the current study at 20ЊC. The population reared at 20 Ð32.5ЊC all had type I survivorship pattern with a gradual increasing rate of mortality, whereas the populations reared at 35 and 37.5ЊC had type III survivorship pattern with a sharply increasing rate of mortality, particularly at the immature stages. Wang et al. (2000a) found that at 27.5Ð32.5ЊC the population of L. bostrychophila all had type I survivorship pattern, and Turner (1994) reported that the population of L. bostrychophila reared at 20ЊC also had type I survivorship pattern. However, Dong et al. (2007) reported that the population of L. tricolor reared only at 30ЊC had type I survivorship pattern.
Fecundity increased over the Þrst few weeks to a peak and then gradually declined until the death of the insects. The total number of eggs laid by a female of L. decolor is signiÞcantly more than that of L. entomophila, L. bostrychophila (Wang et al. 1998 (Wang et al. , 2000a , and L. tricolor (Dong et al. 2007 ) at 20 Ð35ЊC. The adult female longevity of L. decolor was longer than that of L. entomophila at 20 Ð35ЊC, whereas it was shorter than that of L. bostrychophila except 20ЊC, and L. tricolor.
Fertility life tables are appropriate for the study of the dynamics of animal populations, especially arthropods, as intermediate processes for estimating parameters related to population growth potential. The intrinsic rate of increase (r m ) is the only statistic that adequately summarizes the physiological qualities of an animal relative to its capacity of increase (Andrewartha and Birch 1954). Our study showed that the L. decolor populations reared at 32.5ЊC had the highest r m values, whereas the highest r m values were recorded at 27.5, 27.5, and 30ЊC for L. bostrychophila, L. entomophila, and L. tricolor, respectively. In contract, populations exposed to extremely high temperature (37.5ЊC) had much smaller r m values. The populations reared at high temperature (35ЊC) had higher r m values than other temperatures (20 and 22.5ЊC). Generally, the greater r m values associated with higher temperatures (Table 7) . The similar trend also was observed with other three psocids species. This is why the psocids are most proliÞc and serious in tropic areas. With the comparison of r m values for four psocids species at different temperatures (Fig. 4) , the r m values of L. bostrychophila were always notably higher among those species within the range of 20 Ð35ЊC, followed by L. entomophila, L. decolor, and L. tricolor.
The r m values of L. entomophila were higher on the whole than L. decolor, except the low (20ЊC) and high (35ЊC) temperature. This is why the greater increase in population size of L. bostrychophila, L. entomophila, and L. decolor compared with L. tricolor.
We realized that the demographic parameters for climatic simulations differ when measured at constant or alternating temperatures and such other factors as humidity, light, predation, and parasitism also can play important roles in the population growth of this insect, although our results demonstrate the differences associated only with temperature. The results of our study need to be validated under ßuctuating temperatures before using for predictive purposes in the Þeld. A controlled study nonetheless can provide valuable insight into the population dynamics of a particular species (Summers et al. 1984) , even though in nature insects are not subject to constant temperatures. Therefore, the developmental rate model derived from the constant temperature data in this study can be used to estimate the developmental time of this insect under natural conditions of temperatures varying within an appropriate range for the purpose of developing an improved pest management practice.
